Introduction
Transcriptional activation of the human interferon-6 (IFNp) gene by virus infection requires the assembly of a higher order transcription enhancer complex termed an enhanceosome (Thanos and Maniatis, 1995b [this issue of Cell] ). This complex consists of at least three transcriptional activator proteins and the high mobility group protein HMG l(Y). The IFN6 enhancer consists of three adjacent positive regulatory domains (PRDs) designated PRDIV, PRDIII-I, and PRDII. The transcription factors NF-KB and activating transcription factor 2 (ATF-2)/c-Jun, which bind to PRDII and PRDIV, respectively, have been shown to be required for virus induction (reviewed by Maniatis et al., 1992; Thanos et al., 1993) . HMG l(Y) binds specifically to one site at PRDII and two at PRDIV. All three sites are required for normal levels of virus induction, and antisense RNA experiments have shown that HMG l(Y) itself is essential for virus induction (Thanos and Maniatis, 1992; Du et al., 1993) . HMG l(Y) has been shown to facilitate the in vitro assembly of the enhanceosome and promote transcriptional synergy in vivo. Furthermore, the helical phasing of individual transcription factor-binding sites within the lFN6 enhancer is critical for virus induction, transcriptional synergy, and in vitro assembly of the enhanceosome. Thus, a highly stereospecific nucleoprotein complex is required for virus induction, and HMG I(Y) plays an essential role (Thanos and Maniatis, 1995b) .
Previous studies have shown that the ~501~65 heterodimer is the NF-KB species that optimally activates the lFNf3 gene from PRDII upon virus induction (Thanos and Maniatis, 1995a) . HMG l(Y) interacts with NF-KB in the absence of DNA (D. T., S. C. Chan, and T. M., unpublished data) and enhances binding of ~501~65 to PRDII (S'GGGA-AATTCC-3') by roughly lo-fold (Thanos and Maniatis, 1992) . NF-KB binds to the two GC-rich sequences through contacts in the major groove, while HMG l(Y) binds to the AT-rich sequence through contacts in the minor groove (Thanos and Maniatis, 1992) .
Similarly, studies of PRDIV revealed that ATF-2 and c-Jun interact with HMG l(Y) in the absence of DNA and bind cooperatively to PRDIV (5'-TGTAAATGACATAG-GAAAAC3').
ATF-2 binds to PRDIV as a homodimer or as a heterodimer with c-Jun at the underlined ATFlcAMP response element-binding protein (CREB) site, while HMG l(Y) binds to the flanking AT-rich sequences. Both AT-rich sequences are required for activation from the site and for HMG l(Y) binding (Du et al., 1993) . Thus, HMG l(Y) plays an essential role in the transcriptional activities of both NF-KB and ATF-2 in the context of the IFN6 enhancer.
HMG l(Y) is a small (-10 kDa), basic, nonhistone chromosomal protein (Johnson et al., 1989; Thanos et al., 1993) that is structurally distinct from the HMG domain protein family, which includes HMG 1 and HMG 2, lymphoid enhancer-binding factor 1 (LEF-l), and the sex determining region Y (SRY) protein (reviewed by Bustin et al., 1990; Grosschedl et al., 1994) . HMG domain proteins can function as "architectural factors," facilitating the assembly of transcriptionally active nucleoprotein complexes by inducing bends in DNA (Giese et al., 1992 (Giese et al., ,1995 Grosschedl et al., 1994) . Previous studies of the role of HMG l(Y) in lFN8 induction suggested that HMG l(Y) also functions as an architectural factor. HMG l(Y) does not function independently as a transcriptional activator and does not appear simply to recruit NF-KB to the enhancer. When, in the context of the lFN8 enhancer, the PRDII site was replaced by KB sites for which p5O/p65 has a roughly 1 O-fold greater affinity Maniatis 1992, 1995a; Zabel et al., 1991; Visvanathan and Goodbourn, 1989) in this case the immunoglobulin KB gene site (lgtcB; 5'-GGGA-CTTTCC-3') orthe H-2 Kb major histocompatibilitycomplex gene site (H-2; 5'-GGGGATTCCCC-3'), virus induction of the gene was essentially abolished. Synthetic enhancers containing multiple copies of H-2 or IgaB, however, conferred virus inducibility on heterologous promoters in the absence of HMG l(Y) (Thanos and Maniatis, 1992) . Thus, it appeared that HMG l(Y) induces a change in DNA or protein conformation (or both) at PRDII in the context of the enhancer and that this conformation is essential for lFNf3 induction.
Circular dichroism spectroscopy and topoisomerase assays indicated that HMG l(Y) alters DNA structure upon binding, although the nature of the local conformational change was not known (Lehn et al., 1988; Nissen and Reeves, 1995) . Here, we present studies of the structural effects of HMG l(Y) and NF-KB binding on the PRDII site, and HMG l(Y) and ATF-2/c-Jun binding on the PRDIV site, using circular permutation and phasing analyses (Wu and Crothers, 1984; Zinkel and Crothers, 1987; Kerppola and Curran, 1991 a, 1991 b) . We show that the PRDII and PRDIV sites have distinct intrinsic DNA curvatures that are reversed by interactions with NF-KB and ATF-PlcJun, respectively, and that the functionally distinct PRDII and H-2 sites are also conformationally distinct in their free and protein-bound states. Furthermore, we show that the DNA conformations of these complexes are subject to subtle modulation by HMG l(Y). Strikingly, the protein-induced modification of the natural enhancer architecture favors the predicted formation of the enhanceosome (Thanos and Maniatis, 1995b) . In addition, our observations provide a mechanistic explanation for the difference in affinity of NF-KB for PRDII and H-2 and for the cooperativity of NF-KB and HMG l(Y) binding to PRDII. Finally, these studies show that the interaction of HMG l(Y) with DNA is distinct from that of other architectural factors that induce dramatic changes in DNA structure.
Results
We analyzed NF-KB in the form of ~50 homodimer, p50/ ~65 heterodimer, and ~85 homodimer; ATF-2 homodimer and ATF9/c-Jun heterodimer; the HMG I isoform of HMG l(Y) (Johnson et al., 1989) ; and a glutathione S-transferase-HMG I fusion protein (GST-HMG I) in circular permutation and phasing assays with the PRDII, PRDIV, and H-2 sites ( Figure 1A ). In the circular permutation assay, proteins that induce DNA distortions show anomalously slow electrophoretic migration when bound to DNA probes containing a central binding site compared with isomeric DNA probes with the binding site placed near the end of the probe (Wu and Crothers, 1984; Kerppola and Curran, 1991a, 1991b) .
Because circular permutation assays may be influenced by position-dependent effects of protein binding that are not due to DNA bending (Gartenberg et al., 1990; Ansari et al., 1995) we also performed phasing analysiswith each site (Zinkel and Crothers, 1987; Kerppola and Curran, 1991a, 1991 b; see Figure 2A ). In this assay, a proteinbinding site is placed at varying distances from an intrinsic DNA bend induced by a set of in-phase adenine-thymine tracts, each of which bends DNA by roughly 18O toward the minor groove (Koo et al., 1990) . A bend induced by a protein will either complement or counteract this intrinsic bend, depending on the helical phasing of the binding site and the intrinsic bend. We have found that the phasing probes themselves contain an intrinsic curvature that is independent of the binding sites examined, which we ac- Circular Permutation Analyses Examination of the electrophoretic behavior of circularly permuted PRDII, PRDIV, and H-2 probes revealed an intrinsic bend in the free PRDII and PRDIV probes, but not in the H-2 probe ( Figures 1B and 1C) . PRDII is the only KB site examined thus far with an intrinsic bend that is detectable in this assay (Schreck et al., 1990; Meacock et al., 1994; Kuprash et al., 1995) . Remarkably, neither HMG I nor GST-HMG I induced a significant change in the position-dependent electrophoretic mobility of PRDII in the absence of NF-KB, or in that of PRDIV in the absence of ATFQ or ATF-2/c-Jun, relative to the free probe ( Figures  1C and 1D ; Table 1 ). In fact, the mobility differences of the HMG I-PRDII complexes were visibly less than that of the free PRDII probe ( Figure 1D ). This is in marked contrast to the dramatic circular permutation anomalies induced by HMG domain proteins such as LEF-1 and SRY (Giese et al., 1992; reviewed by Grosschedl et al., 1994) and by the minor groove-binding proteins integration host factor (Thompson and Landy, 1988) and TFIID (Horikoshi et al., 1992) . Thus, circular permutation analysis provides no indication of a large DNA bend or distortion induced by HMG I on the PRDII or PRDIV sites; rather, the intrinsic curvature of the free probe seems to be reduced.
By contrast, large electrophoretic anomalies were observed in assays with NF-KB, ATF-2, and ATF9/c-Jun bound to PRDII or PRDIV (Figures 1B and 1C ; Table 1 ). This is consistent with previous circular permutation assays with ~50 homodimer, p5O/p65 heterodimer, ATF-2, and ATF2/cJun using different DNA-binding sites (Schreck et al., 1990; Kerppola and Curran, 1993; Meacock et al., 1994; Kuprash et al., 1995) . The induced electrophoretic anomalies were minimally altered by the presence of HMG l(Y) (Figures 1B and 1C ; Table 1 ). Our phasing analysis (see below) indicates that these mobility changes do not reflect DNA bending, however. This is consistent with a comparison of circular permutation and phasing analysis of the ~50 homodimer (Kuprash et al., 1995) ATF-2, and ATF-P/c-Jun (Kerppola and Curran, 1993) .
Phasing Analyses
Phasing probes containing the PRDII, PRDIV, and H-2 sites, as well as control probes lacking these binding sites (Figure 2A ), were analyzed. The PRDII probes exhibited a sinusoidal pattern of mobilities that was considerably more pronounced than that of the control probes, indicating a significant intrinsic bend. The probes in which the center of the PRDII site and the central base of the three adenine-thymine tracts are in phase (0 phase-PRDII and 10 phase-PRDII) had the slowest mobility (Figures 28 and  2C ). The orientation of the intrinsic PRDII curvature is thus toward the minor groove, and we estimate a bend angle of 20° (Table 1) . Using ligase-mediated cyclization kinetics (Kahn and Crothers, 1992) , the bend in PRDII has been confirmed, and the H-2 site has also been shown to have intrinsic curvature (C. J. Larson and G. L. Verdine, personal communication).
In our phasing assays, the amplitude of the mobility plot of the H-2 probes is slightly greater than that of the control probes, indicating an intrinsic bend toward the minor groove that is smaller than that of PRDII ( Figure 2C ; Table 1 ). We then compared the free probe mobilities for PRDII and PRDIV. Probe mobilities clearly indicated that a distinct intrinsic bend was also present at the PRDIV site (5'-TGTAAATGACATAGGAAAAC3') ( Figure 2D ). Remarkably, the curvature of the PRDIV probes is 180' out of phase with that of the PRDII probes ( Figure 2E ). The estimated bend angle is 25O toward the major groove (Table 1). Bending at PRDIV is almost certainly not due solely to the central ATFlCREB site (5'-ATGACATAG-3').
AT tracts appear to be the primary determinants of DNA bending in solution (Koo et al., 1986; Haran et al., 1994) , while the greatest degree of bending observed in an ATFlCREB site is a bend of about 11 o toward the major groove in the CAMP response element (CRE) site (5'-ATGACGTCAT-3') (Paollela et al., 1994) . Tracts of four adenines like that found at the 3' sequence have been shown to bend DNA, albeit to a lesser extent than runs of five or six adenines (Koo et al., 1986) . The two AT tracts in PRDIV are roughly in phase with one another and half a helical turn out of phase with the ATFlCREB site; thus, the two minor groove-directed bends would be detected as a major groove-directed bend centered on the ATFlCREB site.
Reversal of the Intrinsic Bend in PRDII by NF-KB We then performed phasing analyses with HMG I and NF-KB. Strikingly, when any of the NF-KB dimers tested bind PRDII, the direction of the intrinsic DNA bend is reversed, resulting in bends of 22"-34O in the opposite direction ( Figure 3A ; Table 1 ). Reversal of PRDII bending by NF-KB is dimer subunit specific, with p65 homodimer inducing the largest bend angles. Dimer-specific DNA bending has been observed in phasing analysis with basic region leutine zipper (bZIP) and basic-helix-loop-helix-ZIP proteins, including Fos, Jun, Myc, and Max (Kerppola and Curran, 1991a b, 1993 Wechsler and Dang, 1992) . In the case of NF-KB, however, DNA bending is also binding site specific. Forall three NF-~Bdimers tested, the final bend angle (apH[net]) was greater for the PRDII complexes than for the H-2 complexes, and the induced bend angle was in the opposite direction of the minor groove-directed PRDII curvature (Figures 3A and 3C ; Table 1) . Similarly, other studies have shown that p50 homodimer bound to the lgkB site or a palindromic KB site (see below) does not induce DNA bending (Kuprash et al., 1995) and that p50 homodimer straightens the H-2 site (C. J. Larson and G. L. Verdine, personal communication), while we observe a distinct bend for p50 homodimer bound to PRDII. In addition, p65 homodimer has been shown to unbend PRDII using cyclization kinetics (C. J. Larson and G. L. Verdine, personal communication).
The existence of site-specific protein-induced DNA bending is supported by a comparison of cocrystal struc- tures of ~50 homodimer bound to two different KB sites. In a crystal structure in which ~50 is bound to the palindromic KB site 5'GGGAATTCCC-3', the DNA is essentially straight (Ghosh et al., 1995) . In a structure in which p50 is bound to an H-2 site, however, there are two 15O kinks on either side of the central AAT sequence, resulting in a bend toward the dimerization interface in the major groove (Muller et al., 1995) . This orientation is consistent with our results; protein-DNA contacts outside of the site mayaccountfor thesmaller bendangleweobserve (Miiller et al., 1995; Matthews et al., 1995) .
Based on DNA bending alone, the binding of NF-KB to PRDII would require more energy than binding to H-2. For the ~501~65 heterodimer in particular, differences in affinity between the two sites might be reflected in the differences in energy required for DNA bending, since the ~50 and p65 half site preferences (5'-GGGPuN-3' and 5'-GGPuPuN-3', respectively; Urban et al., 1991; Thanos and Maniatis, 1995a) are preserved between H-2 (S'-GGGG-ATTCCCC-3') and PRDII (Y-GGGAAATTCC-3').
We estimate that the free energy of DNA bending by ~501~65 (A&md; Liu-Johnson et al., 1986) would be 0.41-0.82 kcall mol for H-2 and 1.15-2.30 kcallmol for PRDII, resulting in a difference (AAGobnd) of 0.74-l .48 kcal/mol. Remarkably, the roughly lo-fold affinity difference in ~501~65 binding to H-2 relative to PRDII translates to an overall AAGo of about 1.36 kcallmol, which lies within the estimated value for AAGo bend (Figure 4) . Interestingly, the PRDII intrinsic curvature is directed by the central base pairs of the site, which make minimal contact with p5O/p65 PRDII -PRDII + HMG I p5O/p65-H-2 p5O/p65/HMG I-PRDII (Thanos and Maniatis, 1992 Maniatis, , 1995a ; this is analogous to cases in which noncontacted base pairs influence protein binding affinity (Koudelka et al., 1987) . Optimization of protein-DNA interactions by removal of intrinsic curvature has also been shown in the case of CRE-BP1 and CREB binding to the CRE site (Paollela et al., 1994; Hamm and Schepartz, 1995) .
The Intrinsic Bend in PRDIV Is Counteracted by ATF-2 and ATF-2/c-Jun Binding ATF-2 homodimer and ATF-P/cJun heterodimer display clearly distinct patterns of mobility when bound to PRDIV phasing probes ( Figure 5A ), indicative of a larger minor groove-directed bend by the ATF-2 homodimer ( Figure  5C ) resulting in an overall minor groove-directed bend of about 33O. The ATF9lcJun heterodimer induces bending that counteracts the overall major groove-directed cut-vature, effectively straightening the site (Table 1) . Minor groove-directed curvature is consistent with previous phasing analyses of ATF-2 and ATF9lc-Jun bound to the AP-1 site (5'-ATGACTCAT-3') and CRE-BP1 (which is essentially identical to ATF-2) bound to the CRE site (Kerppola and Curran, 1993; Paollela et al., 1994) . The bending induced by ATF-2 bound to its PRDIV site (5'-ATGAC-ATAG-3') is significantly larger than that observed with the AP-1 and CRE sites in these studies, although bends averaging 36O were observed with cJun homodimer bound to AP-1 using atomic force microscopy (Becker et al., 1995) . This may reflect the ATF-2 homodimer accommodating two very different half sites; in particular, deformations of the site that alter the relative helical positions of each half site (Paollela et al., 1994) would also change the positions of the AT tracts and amplify the apparent induced bending. Because c-Jun homodimer does not bind specifically to PRDIV (Du et al., 1993) , we speculate that the c-Jun subunit of ATF-2lcJun recognizes the 5' AP-l-like half site; such selective positioning of the heterodimer may thus require less deformation of the DNA.
Conformational Effects of HMG l(Y) upon Intrinsic and Transcription
Factor-Induced Bending at PRDII and PRDIV Our phasing studies show that HMG I and GST-HMG I reduce the intrinsic PRDII bend, causing the final curvature to resemble that of the H-2 site (see Figures 38 and 3C; Table 1 ). Remarkably, HMG I is also able to modulate the reversal of DNA bending mediated by different NF-KB dimers. Binding of HMG I decreases the magnitude of bending induced by ~50 homodimer, but it increases the final DNA bending angle induced by the p5O/p65 heterodimer (see Figure 3A ; Table 1 ). Thus, HMG l(Y) enhances the reversal of DNA bending only for the NF-KB dimer that optimally activates the lFN8 gene (Thanos and Maniatis, 1995a) .
The unbending of PRDII by HMG l(Y) also provides a mechanistic basis for the cooperativity of binding observed for HMG l(Y) and the p5O/p65 heterodimer (Thanos and Maniatis, 1992) . We estimate a AGob,,., of 1.15-2.30 kcallmol for p5O/p65 binding to PRDII, while the AGomnd of p5O/p65 binding to PRDII bound by HMG l(Y) is 0.94-1.89 kcallmol, giving a AAGobnd of 0.21-0.41 kcallmol (see Figure 4) . Unbending of DNA by HMG l(Y) thus accounts for 150/o-30% of the overall AAGo of 1.36 kcallmol, with the remaining portion of the difference attributable to the protein-protein interactions. The unbending effectof HMG l(Y) isvisible in the mobilitiesof 0 phase-PRDIV and 2 phase-PRDIV which, distinct in the free probes, become nearly identical when complexed with HMG I or GST-HMG I (Figure5B). The net unbending effect is less pronounced than for PRDII, about loo, for a final overall bend of about 15" ( Table 1 ). The difference in unbending is likely due not only to the difference in the sequences in the AT tracts in PRDII and PRDIV, but also to the mode of HMG l(Y) binding to PRDIV, since both tracts are required for specific HMG l(Y) binding (Du et al., 1993) . The partial straightening of the site is reflected in the decrease in bend magnitude induced by ATF-2 or ATF-P/c-Jun when HMG l(Y) is present in the complex. In the ATF-2-HMG I complex, the bend angle toward the minor groove is reduced from 33O to 27O, and in the ATF-PI c-Jun complex the straightened site is bent toward the minor groove by 6" (Table 1) . Thus, HMG l(Y) enhances the reversal of PRDIV curvature for ATF-PlcJun heterodimer, the subunits of which are both required for lFN8 virus induction (Du et al., 1993) . factor-induced conformational changes in DNA are critical for enhanceosome formation and virus induction of IFNP in vivo, then induction should require the correct positioning of the intrinsically bent PRDII and PRDIV sites. To test this, we generated the chloramphenicol acetyltransferase (CAT) reporters shown in Figure 6 , in which the orientations of PRDII, PRDIV, and PRDIII-I were reversed in the context of the IFNB enhancer. Reversing the orientation of PRDIV transposes the positions of the 5' and 3' AT-rich sequences, while reversing the orientation of PRDII changes the position of the locus of bending, which does not lie at the center of the site (data not shown). Virus induction of the wild-type IFNP enhancer ( Figure 6 , line 1) resulted in a 98-fold increase in CAT activity, while inversion of the PRDII (line 2) or PRDIV site (line 3) dramatically reduced the level of virus induction. While the construct with both the PRDII and PRDIV sites reversed ( Figure 6 , line 4) showed greatly reduced levels of virus induction, the construct in which the entire IFNP gene enhancer was inverted relative to the TATA box displayed a wild-type induction level (compare lines 1 and 5). Thus, the orientations of the intrinsically bent PRDII and PRDIV sites are critical for IFNB induction, as predicted, but in turn the orientation of the PRDII and PRDIV sites relative to PRDIII-I is also critical. The identity of the factor(s) that binds PRDIII-I and is required for virus induction has not been definitively established, but these results indicate that such a factor would, like NF-KB and ATF-PI c-Jun. be a component of a functional IFNP enhanceosome. Furthermore, reversal of PRDII and PRDIV transposes the optimal half sites of p50 and p65 (Urban et al., 1991) , and possibly of ATF-2 and c-Jun, indicating that proper positioning of the transcription factors is also required for IFNB induction.
Discussion
Specific activation of the IFNB gene by virus induction requires the assembly of a higher order nucleoprotein complex containing at least three types of transcription factors and the architectural protein HMG l(Y) (Thanos and Maniatis, 1995b) . The multiple protein-DNA and proteinprotein interactions required for the formation of this complex are likely to be essential for the specificity of gene activation. Precedents for such a mechanism are provided by the formation of complexes required for site-specific recombination (for recent reviews see Grosschedl et al., 1994; Grosschedl, 1995) and for transcription from the T cell receptor a enhancer (Giese et al., 1995) . A common feature of the assembly of these complexes is the requirement for an architectural protein that binds to DNA in the minor groove, resulting in an alteration in DNA conformation. This conformational change facilitates critical protein-protein interactions necessary for stable complex formation.
Correlation
between the DNA Conformation of PRDII and Transcriptional Activity Our initial hypothesis was that the functional differences in the H-2 and PRDII KB sites in the context of the IFNP enhancer reflected an architectural role for HMG l(Y) in the establishment of a specific DNA or protein conformation (or both). Our results show that HMG l(Y) and the PRDII site itself are required for establishing a specific DNA conformation in the transcriptionally active NF-KB-HMG l(Y) complex at PRDII ( Figure 7A ). As illustrated, the H-2 site contains a slight intrinsic bend toward the minor groove, which is reversed by the binding of the ~501~65 heterodimer. By contrast, the PRDII site contains a 20° intrinsic bend toward the minor groove, and this bend is partially counteracted by the binding of HMG l(Y). The binding of p5O/p65 alone results in a dramatic reversal of the intrinsic bend (22O toward the major groove), which is increased by the binding of HMG l(Y). We note that while the relative bend angle differences we calculate for these complexes are subtle, they are based on highly reproducible protein-DNA complex mobility patterns, which are discernible even by visual inspection.
The enhancement of p5O/p65 binding to PRDII by HMG l(Y) most likely operates in conjunction with these conformational changes for the induction of the IFNP gene. The role of cooperative binding is illustrated by the observation that synthetic enhancers containing multimerized H-2 or PRDII sites are virus inducible, but enhancers containing PRDII require HMG l(Y) to function (Thanos and Maniatis, 1992; Figure 7A ). The affinity of ~501~65 for the H-2 site is lo-fold greater than for PRDII, and the addition of HMG l(Y) results in a lo-fold increase in the affinity of ~501~65 for PRDII, but not for H-2 (Thanos and Maniatis, 1992) . Thus, outside of the context of the IFNP enhancer, virus induction results either from low affinity NF-KB sites (PRDII) in the presence of a factor that promotes NF-KB binding or from high affinity NF-KB sites (H-2). In the context of the IFNB enhancer, however, even the high affinity NF-KB site cannot function; we find that the corresponding DNA bend angles for each NF-KB-DNA complex are distinct. Much as the DNA conformation is distinct in the H-2 and PRDII sites, the final bend angle of p5O/p65 heterodimer bound to PRDII is increased by HMG l(Y), and HMG l(Y) is required for virus induction of the IFNP enhancer. Such architectural differences in KB motifs may contribute to the distinct functionality of KB sites placed before heterologous promoters (Cross et al., 1989; Fujita et al., 1992) . The importance of the DNA conformation in the context of the lFN6 enhancer is further supported by the observation that the reversal of the intrinsic bend in PRDII by ~50 homodimer is decreased by HMG l(Y); this NF-KB species is not the optimal activator of the enhancer and may even have a role in repression (Thanos and Maniatis, 1995a) . Furthermore, HMG l(Y) does not promote virus induction from a mutant lFN6 enhancer in which the phasing of PRDII and PRDIV is altered by half a helical turn; in fact, modest repression occurs (Thanos and Maniatis, 1995b) . It is also possible that changes in protein conformation induced by HMG l(Y) or by PRDII relative to H-2 also play a role in activation of the gene; this is suggested by previous studies showing a correlation between in vitro transcriptional activity of p50 homodimers and susceptibility to partial proteolysis (Fujita et al., 1992; Matthews et al., 1995) .
DNA Bending and Protein-Protein interactions in the IFNP Enhancer
The spatial arrangement of the intrinsic and proteininduced DNA bends at PRDII and PRDIV in the lFN6 enhancer are illustrated in Figure 78 . The centers of the PRDII and PRDIV sites lie 180° out of phase with each other, so the two intrinsic bends complement one another. Strikingly, the intrinsic structure of the enhancer is counteracted by the binding of the transcription factors at PRDII and PRDIV. HMG l(Y) enhances ATF-2/c-Jun binding to PRDIV roughly 4-fold and specifically interacts with the bZlP domains of ATF-2 and c-Jun (Du et al., 1993; Du and Maniatis, 1994) ; we speculate that HMG l(Y) bound at PRDIV crosses the phosphate backbone to make these contacts. A naturally occurring isoform of ATF2, ATF-2192, in which the bZlP domain is altered, binds to PRDIV with the same affinity as the predominant form of ATF-2 ing to PRDII and PRDIV, shown at the right. The activation domains of ATF-2 and cJun (at the N-termini) and p65 (at the C-terminus) are shown as globules tethered to the DNA-binding domains.
The conformational details of protein-DNA interactions at PRDIII-I are not presently known, but alteration of promoter architecture at this site might further facilitate protein-protein interactions among the transcription factors that comprise the enhanceosome.
(ATF-2&, but is unable to interact with HMG l(Y). Significantly, HMG l(Y) inhibits the binding of ATF9rsp to PRDIV (Du and Maniatis, 1994) . Thus, the ability of HMG l(Y) to interact specifically with ATF-2 correlates with its ability to stimulate ATF-2 binding to PRDIV.
ATF-2 and c-Jun can interact with ~50 and ~65 in the absence of DNA through the bZlP domain, including the N-terminal basic residues (Du et al., 1993; Kaszubska et al., 1993; Du and Maniatis, 1994) and HMG l(Y) is capable of promoting ATF-2/cJun-p50/p65 interaction (D. T. and T. M., unpublished data). Our studies show that proteininduced bending orients the bZlP domain of ATF-PlcJun bound to PRDIV toward the Rel domain of NF-kB bound at PRDII and that HMG l(Y) binding enhances this effect for the species that optimally activate the gene, p5O/p65 and ATF-P/c-Jun. If a functional interaction occurs between ~501~65 and ATF-2/c-Jun in an enhanceosome, however, further conformational changes in the PRDIII-I region of the enhancer are required. It is possible that the PRDIII-I binding factor(s) necessary for virus induction bends the DNA and brings NF-KB and ATF-2/cJun into closer proximity. Alternatively, the observed DNA bending at PRDII and PRDIV might be required to bring NF-KB and ATF9/c-Jun into contact with the PRDIII-l-binding factor. The observation that LEF-1 contacts transcriptional activators in addition to bending DNA (Giese et al., 1995) suggests that a combination of these effects is also possible.
Distinct Architectural
Roles of HMG l(Y) and Other Minor Groove-Binding Proteins HMG domain proteins such as SRY (Werner et al., 1995) and LEF-1 (Love et al., 1995) induce DNA bends of up to 120° in their target DNA site upon binding, and this bending has been linked to their effect upon transcription (Pontiggia et al., 1994; Giese et al., 1995; reviewed by Grosschedl et al., 1994) . In particular, protein-induced DNA bends can bring together transcription factors bound at widely separated DNA sites (Giese et al., 1995; reviewed by Grosschedl et al., 1994; Grosschedl, 1995) . By contrast, HMG l(Y) partially counteracts the intrinsic curvature of its binding sites at PRDII and PRDIV within the lFNf3 enhancer and recruits transcription factors by protein-protein interactions. HMG l(Y) can also induce subtle modulations in the final DNA conformation in protein-DNA complexes that correlate with transcriptional activity ( Figure  7A) , and, in the case of PRDII, alteration of the intrinsic curvature of the site may serve as a mechanistic basis of enhancing NF-KB binding (Figure 4) . Thus, HMG l(Y) appears to have a structural role that is fundamentally different from that of other minor groove-binding architectural proteins.
Our conclusions about the structural consequences of HMG l(Y) binding to PRDII are supported by nuclear magnetic resonance studies of peptides containing a sequence found within the DNA-binding motif of HMG l(Y), proline-arginine-glycine-arginine-proline.
This peptide sequence fits snugly into a B-form DNA minor groove, adopting a conformation similar to that of the drugs distamycin and netropsin (Geierstanger et al., 1994) . Furthermore, the pattern of DNase l-hypersensitive sites in the lFNf3 enhancer induced by HMG l(Y) binding (D. T. and T. M., unpublished data) is remarkably similar to that expected for distamycin, which straightens bent AT-rich sequences (Wu and Crothers, 1984; Mendoza et al., 1990) . In sharp contrast, the HMG domain consists of a twisted "L" of three a helices that causes dramatic underwinding and bending of the DNA (Werner et al., 1995; Love et al., 1995) . Similarly, structures of the minor groove-binding proteins DNase I (Suck et al., 1988 ) TATA box-binding protein (Kim et al., 1993a (Kim et al., , 1993b , and serum response factor (Pellegrini et al., 1995) reveal DNA bends from 22O to 100° that result from ordered domains lying within, or in close proximity to, the minor groove. This suggests that the residues of HMG l(Y) outside the DNA-binding motif do not adopt an ordered structure within the minor groove, allowing these residues to make maximal contact with proteins in the major groove. Indeed, HMG l(Y) has been shown to interact functionally with proteins of the Rel, bZIP, ETS, and POU families (see below).
Thestructural changes induced by HMG l(Y) in the lFNf3 enhancer may be important for the function of other gene promoters as well. In the E-selectin promoter, for example, HMG l(Y) sites lie within an NF-KB site and close to an ATF-2 site (Lewis et al., 1994; Whitley et al., 1994) . HMG l(Y) sites are also closely linked to an Elf-l site in the interleukin-2 receptor a-chain promoter (John et al., 1995) and to a Tst-l/Ott-6 site in the human papilloma virus JC early virus promoter (Leger et al., 1995) . In all cases, these HMG l(Y) sites are required for maximal transcription, and HMG l(Y) makes specific interactions with the transcription factors involved.
Finally, the effects of HMG l(Y) upon promoter architecture may be linked to the observation that HMG l(Y) can antagonize histone Hl-mediated repression (Zhao et al., 1993) . Histones contact specific sites in several generegulatory sequences (reviewed by Wolffe, 1994) . Intrinsically bent DNA sequences direct nucleosome positioning, and the AA/l-T dinucleotide is found preferentially where the minor groove faces the nucleosome (reviewed by Travers and Klug, 1987) . Thus, in addition to competition for the AT minor groove, reduction of intrinsic curvature of AT-rich sites by HMG l(Y) in the IFN8 enhancer, and presumably in other promoters regulated by HMG l(Y), could be a structural basis for HMG l(Y)-mediated derepression. Indeed, the nucleosome and the enhanceosome may represent higher order antagonists in the regulation of gene expression.
Experimental Procedures Plasmid and Probe Construction
The oligonucleotides CTAGGTCCAGTGGGAAATTCCTCAGATCC-TAGA. TCGACCGAGTGGGGAATCCCCTCTG (KB motifs are underlined), and TCGACTGTAAATGACATAGGAAAAC were cloned into the Xbal-Sal1 site of pBend2 (Kim et al., 1989) to create pBendP-PRDII, pBend2-H-2, and pBend2-PRDIV. Plasmids pBend2-Nphase (N = 0, 2, 4, 6. 6, or 10) were created by cloning the oligonucleotides CTA-GA(GCA&GG)& into the Xbal-Sal1 site, where S-X-3' = 0. TG, TACG, TACTGG, TACTGGTG, and TACTGGTACG. The oligonucleotides TCGACCGAGTGGGGAATCCCCTCTG, TCGACCGAGTGGGAAAT-ETCTG, and TCGACTGTAAATGACATAGGAAAAC ware then cloned into the Sall sites of pBend2-Nphase to create pBend2-Nphase-H-2.
pBendP-Nphase-PRDII, and pBend2-Nphase-PRDIV, respectively.
Probes were radiolabeled using Klenow polymerase or T4 kinase reactions and gel purified.
EMSA and Expression
and Purification of Proteins Proteins were expressed and purified as previously described (Thanos and Maniatis, 1992 Maniatis, ,1995a .
Proteins and DNA probes were incubated for 20 min at room temperature in 10 mM Tris-HCI (pH 7.5) 50 mM NaCI, 1 mM EDTA, 1 mM dithiothreitol, 1 mglml BSA, 2% Nonidet P-40, 100 nglul poly(dG-dC).
Protein-DNA complexes were resolved by electrophoresis through 10% acrylamide:bisacrylamide (75:l) or 1 x GeneAmp Detection Gel (Perkin Elmer) in 0.5 x TBE (45 mM Trisborate, 1 mM EDTA) at -10 V/cm for 6-18 hr at 4"C. Specific binding of HMG I and NF-KB to the PRDII sequence and ATF-2, ATF-2/cJun, and HMG I to the PRDIV sequence in each set of phasing probes was verified with DNase I footprinting (data not shown).
Estimation of DNA Bend Angles and AGohna Bend angles were estimated from circular permutation amplitudes (Aw) and phasing amplitudes (A& as described previously (Kerppola and Curran, 1991 a) with modifications to account for the intrinsic curvature of the pBend2 vector. In the phasing assays, mobilities of the DNA or protein-DNA complexes were normalized to the average mobility of the complexes and plotted against spacer length. A cosine function was fit to the plot using KaleidaGraph (Abelbeck Software), yielding the amplitude ApH for the free probes. Division of the relative mobility values of the protein-DNA complexes by the relative mobility values of the free probes yielded the cosine plot for the induced phasing amplitude ApH(,nd,. This reflected the bend induced by the bound protein upon the binding site (Zinkel and Crothers, 1987) . The induced phasing angle c+,,(,~~) was calculated using the equation of Kerppola and Curran (1991a) , tan (kaPHlindl12) = (ApH,,,d,/2)/(tan (ka,,,121), where the values of the constant k were 0.77 for acrylamide (circular permutation analysis and HMG I-PRDII phasing analysis) and 0.49 for GeneAmp (all others) and urld was 54O. For the free H-2, PRDII, and PRDIV probes, the net phasing angle apH(net) was calculated by subtracting upH of the control probes from aPH of each probe. Based on circular permutation assays of the 0-and 6-phase free probes for each binding site (data not shown), we subtract cPH of the control probes as a scalar background amplitude. The maxima of the plots for APH of the free probes and APH(,ndI of the proteins were out of phase, so the net phasing angle apn(net) for the protein-DNA complexes was calculated by vector addition of apH(net) of the free probes and aPHBnr of the proteins. Verification of the dependence of probe mobilities upon a cosine function in the acrylamide and GeneAmp gel conditions was determined using DNA bend standards (Thompson and Landy, 1966) . Values of AGob, were estimated as described (LiuJohnson et al., 1966 ) using 5 and 10 as the minimum and maximum values for the number of base pairs over which the DNA bend occurs, since the difference in bending between H-2 and PRDII is directed by the central 5 bp, while the two kinks induced in the H-2 sequence by the p50 homodimer flank the central 5 bp (Miiller et al., 1995) . Values for the bend angles were considered as a sum of two components: the angle required to remove intrinsic curvature and the final bend angle.
Cell Culture, Transfections, and Reporter Constructs HeLa cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, antibiotics, and L-glutamine (2 mM) in a humidified incubator containing 5% CO,. Transient transfections, virus inductions, and CAT assays were performed as described elsewhere (Thanos and Maniatis, 1995b) . Reporter constructs containing mutations of the lFNf3 promoter were constructed using the PCR methodology previously described (Thanos and Maniatis, 1992) 
